Sebum is a complex lipid mixture that is synthesized in the sebaceous gland and excreted on the skin surface. The purpose of this study was to achieve comprehensive detection of the intact lipids that compose sebum, which exist as a broad range of chemical structures and concentrations.
Introduction
Skin is a metabolically active tissue that contains sebaceous glands, which are specialized organelles equipped for the synthesis of a broad spectrum of lipid compounds that are excreted to the skin surface and form sebum. The function of sebum is still a matter of investigation. It is only hypothesized that sebum may play a role in the protection of skin from dehydration, UVR, wrinkling, and infections (1, 2) . The sebaceous lipid mixture is highly complex and consists of triacylglycerols (TAG), diacylglycerols (DAG), and free fatty acids (FFA), which together account for 50-60 % of its composition. Sebum also contains 20-30 % wax esters (WE), 10-16 % squalene (SQ), and 2-4 % cholesterol esters (CE) (1, 2) . Initial analyses of the components of the sebaceous lipid mixture conducted by Nicolaides et al. (3) (4) (5) led to the identification of several different types of acyl chains in esters with glycerol, cholesterol, and waxes. Fatty acids (FA) with an odd number of carbon atoms, branched side chains, and sites of unsaturation at unconventional positions were characterized. However, information on the intact lipids remains to be determined. A detailed characterization of the lipid repertoire in sebum in physiologic and diseased conditions is very limited due to the unavailability of methods for the comprehensive and simultaneous analysis of whole lipids. Prior investigations of the composition of sebum have been mostly concerned with acne, a multifactorial skin disorder that affects the pilosebaceous unit. Currently, there are only a few parameters that are addressed when investigating alterations in sebum, such as SQ levels and the composition of FA obtained from the hydrolysis of TAG, DAG, WE, and CE. The methodology for the targeted analysis of SQ involves gas chromatography (GC) with either flame ionization detector (FID) or mass spectrometry (MS) detectors, as well as high performance liquid chromatography (HPLC)/MS (8, 9) . To analyze complex lipids, ester bonds are hydrolyzed to yield FA, which are detected using various analytical techniques (3) (4) (5) . GC/MS and HPLC/MS analysis of methyl and trimethyaminoethyl esters of hydrolyzed FA has been used extensively (10) (11) (12) (13) .
These approaches have reduced the complexity of the data, allowing for easy detection of the FA component. However, information on their arrangement in the entire lipid were indefinite. In contrast, sebum can be analyzed according to lipid classes using thin layer chromatography (TLC) (6) and nuclear magnetic resonance (NMR) (7) . Both TLC and NMR methods are advantageous, since they are semi-quantitative in terms of their ability to quantify the expression of the lipid families. However, the composition of each subclass remains elusive. To understand the distribution of individual sebum constituents, the ideal analytical approach would allow for the simultaneous detection of intact species belonging to different lipid classes and subsequent identification. Current knowledge of the actual composition of sebum is very limited. To date, an indepth investigation of individual lipids without decomposition/hydrolysis has yet to be achieved in complex matrices. In this study, recent advances in both chromatography and MS have been Nevertheless, the available reference compounds are useful for the optimization of analytical conditions and provide insights in the identification of the analyzed components. Sebum shares several chemical functionalities with other biological matrices. Both normal phase (NP) and reversed phase (RP) HPLC have been employed to separate neutral lipids, including acylglycerols, WE, and CE from complex mixtures, which were subsequently characterized using MS. NP-HPLC has the advantage of reducing the time of analysis and ensuring the separation of each of the lipid classes. However, the resolution between members within the same class is often unsatisfactory (18, 19) . RP-HPLC is a suitable system for the separation of lipid mixtures with a relatively broad range of hydrophobicity. RP-HPLC has been utilized for the separation of complex natural lipid mixtures, including TAG, which were subsequently detected using a mass analyzer (20,21).
Additionally, RP-HPLC has proven to be effective in the separation of FFA, which can be detected in negative ion atmospheric pressure chemical ionization (APCI) (14 
Human sebum samples
Sebum lipids were sampled from the central foreheads of 12 Caucasian volunteers (8 females and 4 males, mean age 22.8 ± 6.7 years), as previously described (7, 12) . Briefly, the sampling surface was cleansed with a gauze pad soaked in 70% ethanol solution beforehand. After allowing the surface to dry, two sebum-adsorbent tapes (Sebutapes
TM
The solvent to be used for the tapes extraction was selected among those previously described (7, 12) . Hexane, which is the solvent of choice for the sebum extraction from tapes (12) , and chloroform/MeOH 2:1 could not be used due to the apparent dissolution of the Sebutape , CuDerm Corp., Dallas, TX, US), which had been previously weighted, were held onto the skin for 30 minutes. The volunteers showed no signs of skin diseases at the time of sebum sampling. Then, the tapes were reweighted for the gravimetric assessment of sampling. The average weight of sampled sebum was 1.5 ± 0.7 mg.
The samples were stored at -80 ºC until extraction and analysis. The study was performed in agreement with the institutional review board and the informed consents were obtained from the volunteers.
Sample extraction
TM polymer that could severely contaminate the HPLC and MS systems. Since extraction of Sebutape TM with absolute ethanol (EtOH) has been shown to be compatible with the HPLC/MS analysis of sebum (7), we tested this system with slight modifications. Briefly, the tapes were extracted with 10 mL of absolute EtOH, which was then evaporated under nitrogen. 
Mass spectrometers
Electrospray ion source and time of flight mass spectrometer. Measurements of accurate mass and isotope pattern were conducted with a G6220A series time of flight mass spectrometer (TOF-MS, Agilent Technologies, CA, USA) equipped with an electrospray ionization (ESI) interface operating in the positive ion mode. Acidic compounds, namely free fatty acids, were detected also in the negative ion mode. Analytes eluted from the RR-RP-HPLC system were introduced into the TOF-MS apparatus at the operating chromatographic flow rate (see chromatographic conditions).
Nitrogen was used as the nebulizing and desolvation gas. The temperature and the flow of the drying gas were 350°C and 10 L/min, respectively The capillary and the cone voltage were 4000 and 60 V, respectively. Scan mode TOF mass spectra were acquired in the positive and negative 
Data extraction and statistical analysis
To determine the reproducibility of the retention times (RT) for the identified lipid species, extracted ion chromatograms (EIC) were derived for each m/z value of the base mass peak. RT were measured at the apex of the chromatographic peak. To obtain the relative abundance of homologue species within the corresponding lipid class, the peak area was integrated after extraction of the calculated exact mass. Asymmetrical or partially resolved peaks in the EIC of the 
Results

IDENTIFICATION OF COMPONENTS OF SEBUM LIPID CLASSES
Information on the intact constituents in sebum is very limited. 95 TAG families were identified that had a number of DB from 0 to 5. Table S1 summarizes RT, calculated and average m/z of the base mass peak, and mass error detected for the TAG species found in the 12 donors. The majority of the peaks obtained in the EIC of TAG showed a non symmetrical peak shape indicating that more than one isobaric TAG species were present (data not shown). Nevertheless, it was not excluded that isobaric [M+NH 4 ] + ions could populate also apparently mono-component chromatographic peaks. Various isobaric TAG could derive either from different acyl chains, which in total accounted for the same ACN and DB or from TAG regioisomers (22). As reported in Table S1 , an excellent reproducibility of the RT of TAG in sebum from the analyzed donors was observed.
The +ESI TOF-MS spectra of the authentic 1,2-dioleoylglycerol (DAG 36:2) and sebaceous DAG showed a prevalent formation of their ammoniated adducts in the experimental conditions. (Table S2) . Figure 3a) , which was common to the major WE species detected in the pooled sebum (Figure 3b-f) . The fragmentation spectra of WE were in agreement with previous reports (35) (36) (37) (38) (39) . Nevertheless, MS/MS spectra of sebaceous WE demonstrated that different isomers were present. Combination of the TOF-MS data and the PI fragmentation pattern allowed for the identification of FA 16:1-WE in sebum (Table   S3 ). Features of the fatty alcohol, such as its CN and DB, could be tentatively assigned on the basis of elemental composition and the fragmentation pattern of the single WE species. Excellent reproducibility of RT of FA 16:1-WE in the RR-RP-HPLC system was observed (Table S3) .
Identification of major wax esters
Identification of cholesteryl esters
CE in human sebum were recognized to form mainly the sodiated pseudomolecular ion ( Methods for the targeted analysis of SQ have been described (7, (42) (43) (44) (45) ; however detection of this species simultaneously with the other sebum components is of obvious advantage. In the used operational conditions, SQ was detected due to the formation of [M+H] ions and their PI scan spectra, identity was tentatively assigned to the CE detected in sebum (Table S4) PI scan spectrum of SQ in sebum was consistent with that acquired for the standard SQ analyzed in the same conditions (data not shown). An unidentified peak appeared consistently in the TIC acquired for all donors. The peak presented the +ESI TOF-MS spectrum reported in Figure 5d , which was consistent with previous findings demonstrating the existence of squalene epoxide in fingerprints (46 shared with SQ the region of lower m/z, which was consistent with an isoprenoid structure ( Figure   5f ). Based on these evidences, the unknown compound was tentatively identified as SQ epoxide. (Table S5 ). Excellent reproducibility of RT determined at the maximal abundance of the EIC acquired for the different donors, was observed (Table S5) FFA with an odd number of carbon atoms could have a straight chain or a branched side chain.
Detection of free fatty acids
Bound and free FA in sebum have been described to possess iso-and antiso-branched carbon chain (47, 48) . FFA 18:2 also appeared in different isoforms in sebum ( Figure S2a ). The first eluted peak had the same RT of the FFA 18:2 linoleic acid (9Z,12Z-octadecadienoic acid) ( Figure S2b) .
Identification of the second eluting peak was not pursued due to the commercial unavailability of reference compounds for the candidate FFA 18:2 sebaleic acid (5Z,8Z octadecadienoic acid).
Experiments are in progress to address separation of sebaceous FFA with respect to DB positioning and ramifications.
WITHIN CLASS DISTRIBUTION OF SEBACEOUS LIPIDS
Data from individual sebum samples were analyzed to obtain profiles of distribution of lipid species within the same lipid class. Based on the excellent mass accuracy and reproducibility of RT reported above, the RR-RP-HPLC/TOF-MS data were feasible for the sebaceous lipid profiling.
Relative abundance of each member within the respective lipid class was obtained as described above. The twelve donors displayed consistent patterns of distribution of the compounds within each lipid class. In each subclass, percentages were significantly different between TAG with an even and TAG with an odd ACN. TAG with an even ACN were more abundant than the TAG with an odd ACN.
Profile of distribution of acylglycerols
Profiles of distribution of DAG were obtained after sorting species by their DB number ( Figure 7 ). lipids, such as TAG, WE, and CE. In sebum, DAG can arise also from the degradation of TAG by endogenous or bacterial lipases (49) . However, definitive data regarding the processes responsible for the abundance of DAG in sebum is lacking. Simultaneous detection of TAG and DAG offers a new tool for studying the relationship between these closely related classes of lipids. WE, which represent a very significant lipid category in sebum, were also characterized in the sebaceous mixture (5, 49) . The majority of the WE were shown to contain an FA 16:1 acyl group. We also identified the type and the relative abundance of CE in sebum. CE serve as a form of cholesterol storage in most cells. Similar to other components of sebum, CE are released onto the skin surface through sebaceous gland secretion (5, 49) . Definitive identification of the role(s) played by CE in sebum are as yet undiscovered. In contrast with the complexity of acylglycerols and WE, CE were found to be a less diverse group of neutral lipids. Nine CE, mostly bearing monounsaturated fatty acyl chains, were detected in sebum. In particular, CE appeared to act as a depot for the FA 16:1 in sebum. This evidence may be useful for the identification of a physiological activity of CE. Our findings showing that the predominant length of the FA components in acylglycerols, CE, and WE was of 16 CN is consistent with the characteristic composition of sebum (3) (4) (5) 49) . In addition, our method allowed for the simultaneous detection of SQ, which is specific to human sebum. We also identified a compound structurally related to SQ and tentatively designated it as squalene epoxide.
FA are the building blocks of the majority of neutral lipids in sebum. They are found in both bound and free forms in sebum. In this report, we were able to simultaneously detect FFA and neutral lipids in the +ESI mode. However, the sensitivity and specificity were improved in the -ESI mode. 
